INTRODUCTION
============

Celiac disease is an autoimmune inflammatory disorder of the small intestine that is triggered in genetically susceptible individuals by the ingestion of prolamines -- found in wheat, barley, or rye. Specific amino acid sequences in gluten activate intestinal T cells, which triggers the development of celiac disease. These immunogenic peptides are resistant to digestion by the endogenous intestinal proteases and are taken up intact through the intestinal epithelium by paracellular (involving tight junctions) and transcellular routes into the lamina propria, where they interact with tissue transglutaminase, known to be the autoantigen of celiac disease. After being deamidated/transamidated, they are processed by antigen-presenting cells and exposed to immune effector cells. Celiac disease is mediated mainly by cellular immunity and is restricted to the presentation of gluten-derived toxic peptides to T cells via the human leucocyte antigens DQ2 and DQ8. The involvement of innate immunity is also necessary for the development of intestinal tissue damage. Genetic susceptibility represents a major risk factor for celiac disease, and the introduction of gluten works as the offending nutritional environmental factor. Genome-wide association studies have identified multiple genetic risk loci related to the immune response, illustrating that celiac disease is a complex, polygenic, immune-based disorder.[@nuv011-B1]

Importance of environmental factors in the pathogenesis of celiac disease
-------------------------------------------------------------------------

Recent studies have expanded the list of environmental triggers of celiac disease beyond that of gluten. The genetic determinants of celiac disease alone cannot explain the expression of the disease in an individual nor the recent surge in celiac disease incidence.[@nuv011-B2] It has been shown that the classical intestinal clinical symptoms of malnutrition, chronic diarrhea, and nutritional deficiencies are diminishing while extraintestinal presentations are emerging. Skin, endocrine, skeletal, hepatic, hematological, gynecological, fertility, dental, and behavioral abnormalities are often described. Today, there is an epidemiological shift in the disease phenotype toward a more advanced age of patients, with an increased prevalence of latent, hyposymptomatic, or asymptomatic presentations reported.[@nuv011-B3]^,^[@nuv011-B4] It is logical that widespread increases in the incidence of celiac disease are triggered by environmental exposures, because genetic changes are too slow to drive such developments. While prolamines are known to play a major role in the induction of celiac disease, multiple environmental factors have been reported as enhancers of the condition. Infections like rotavirus in infants and *Campylobacter jejuni* in adults are associated with an increased risk of celiac disease.[@nuv011-B5]

Most recently, seroreactivity to different microbial antigens was observed in patients with early-stage celiac disease, indicating that microbial targets might have a role in early development of the disease.[@nuv011-B6] The infectome--autoimmune disease relationship is congruent with the hygiene hypothesis, which states that decreased exposure to microbes may be driving the increase in autoimmune diseases. Additional environmental factors that have been associated with increased risk of celiac disease include the following: reduced duration of breast feeding, the timing and increased amount of gluten ingestion, prescription of antibiotics and proton pump inhibitors, elective cesarean section, socioeconomic factors, and, most recently, maternal iron supplementation to pregnant woman.[@nuv011-B7]

Currently, research is also focused on environmental factors, gene--environment interactions, and epigenetics, especially early in life, which may help explain the onset of the disease and its increased incidence. Given the uncertainty regarding causality, these associations between celiac disease and environment mandate further investigations to elucidate the potential mechanisms by which modern exposures contribute to the pathogenesis of this condition.

Increasing incidence of celiac disease
--------------------------------------

Currently, there is a diffuse, ongoing epidemic of celiac disease.[@nuv011-B7] The prevalence of the disease is continually increasing and has increased more than fourfold in the past 50 years.[@nuv011-B8] Studies from the United States and Finland have shown a marked increase in the seroprevalence of celiac disease in recent decades. The reported incidence of celiac disease in the Western world is generally around 1%; however, incidences of 2% and 5.6% have been reported in northern European countries and in the Sahara Desert region of North Africa, respectively. Even in East and South Asia, where rice is the main staple food, an increased incidence of celiac disease has been reported, for example, in India.[@nuv011-B9]

Characteristics and functions of microbial transglutaminase
-----------------------------------------------------------

Transglutaminase (Enzyme Commission \[EC\] no. 2.3.2.13), i.e., protein-glutamine γ-glutamyltransferase, belongs to the class of transferases. It catalyzes the formation of an isopeptide bond between the group of γ-carboxamides of glutamine residues (donor) and the first-order ε-amine groups of different compounds, for instance, proteins (acceptors of an acyl residue).

Three reactions are catalyzed by transglutaminase: an acyl-transfer reaction, a crosslinking reaction between Gln and Lys residues of proteins or peptides (transamidation), and deamidation.[@nuv011-B10] If lysine is the acceptor of an acyl group, then a protein molecule is enriched with this amino acid. The transfer of an acyl group onto a lysine residue bound in the polypeptide chain induces the process of crosslinking. In addition, transglutaminase catalyzes the reaction of deamination if there is an absence of free amine groups. The reactions catalyzed by this enzyme result in significant changes in the physical and chemical properties of proteins, such as modifications in the viscosity, thermal stability, elasticity, and resilience of proteins.

Transglutaminases are widespread in nature. They are found in mammalian tissues, in many invertebrates, in plants, and in microbial cells. Transglutaminase has been isolated from a *Streptoverticillium* sp. As an extracellular enzyme, it is biosynthesized by several microbes.[@nuv011-B10] In contrast to human transglutaminase, microbial transglutaminase is calcium independent, has a single structural domain, and has a different reactivity to certain food proteins. It also has a lower molecular weight than human transglutaminase. Such characteristics can be used to modify the functionality of proteins in food products.[@nuv011-B10]^,^[@nuv011-B11] Animal and plant transglutaminases exhibit catalytic activity and biochemical properties similar to those of microbiological transglutaminases, despite lacking homology in their amino acid composition.[@nuv011-B10]

INCREASED USE OF MICROBIAL TRANSGLUTAMINASE IN FOOD PROCESSING
==============================================================

The use of isolated transglutaminase enzymes from microbiological sources in industrial food processing has allowed certain processes to be simplified, resulting in energy and cost savings. Thanks to established transgenesis procedures, gene transfer has become possible, and the expression of genes has given rise to the massive production of microbial transglutaminase. Microbial transglutaminase is used in the food industry for multiple purposes: to improve the texture, appearance, hardness, and shelf life of meat; to increase the hardness of fish products; to improve the quality and texture of milk and dairy products; to reduce the calorie content and improve the texture and elasticity of candy; to improve the stability and appearance of protein films; and to improve the texture and volume of foods in commercially baked goods.[@nuv011-B10]^,^[@nuv011-B12] The use of microbial transglutaminase as a biological glue and as a biocatalyst in the biomedical and biotechnology fields also continues to grow. This probably represents one of the fastest-growing areas of microbial transglutaminase usage, as reflected by an increasing number of patent applications filed on the application of microbial transglutaminase in medicine.[@nuv011-B13]

As a result of the increasing use of microbial transglutaminase in the food industry, the common Western diet now contains large amounts of microbial transglutaminase,[@nuv011-B10]^,^[@nuv011-B11] with the maximum daily intake ranging up to 15 mg. Each kilogram of food treated with microbial transglutaminase contains about 50--100 mg of microbial transglutaminase.[@nuv011-B14] [Figure 1](#nuv011-F1){ref-type="fig"} shows the direct correlation between the annual increase in celiac disease incidence and the higher consumption of enzymes ingested through commercially baked goods in Western countries.[@nuv011-B7]^,^[@nuv011-B8]^,^[@nuv011-B15]^,^[@nuv011-B16] This observation leads to the question of whether the increased use of microbial enzymes in industrial food processing is associated with or has caused the increased incidence of gluten intolerance in recent decades. The question is especially of interest considering gluten is a preferred substrate for both human and microbial transglutaminases. Figure 1(A) The change in celiac disease incidence over time in different countries, and (B) the direct correlation between the increase in celiac disease incidence and the increased annual expenditures on food-processing enzymes in the food and commercial baking industries in Western countries. Adapted from references[@nuv011-B7]^,^[@nuv011-B8]^,^[@nuv011-B15]^,^[@nuv011-B16]^,^[@nuv011-B73].

With respect to safety, statements vary between "these enzymes are safe for consumers"[@nuv011-B10] and "no safety concerns with regard to the allergenic potential of m-TG were identified"[@nuv011-B17] to "its safe use should be checked."[@nuv011-B14] It should be mentioned that, most recently, microbial transglutaminase was described as "a new and emerging occupational allergen."[@nuv011-B18] Another report cautioned, "Any risk assessment must cover not only the safety of the transglutaminase itself but also that of the deamidated/crosslinked proteins generated by the enzyme."[@nuv011-B14] Pronouncements by food manufacturers that microbial transglutaminase is safe do not infer that this enzyme is without any effect on wheat immunogenicity or is immune or pathogenic by itself. One would expect that microbial transglutaminase, once added to food, would induce new digestion-stable epitopes present in neoproteins contained in the processed food. This review highlights the potential risks, mainly to the numerous populations who may be susceptible to silent or latent celiac disease or to nonceliac gluten sensitivity associated with consumption of commercially processed food manipulated with microbial transglutaminases.

Mechanisms by which microbial transglutaminase may affect the pathogenesis of celiac disease
--------------------------------------------------------------------------------------------

To simplify the complex subject of the interrelationships among microbial transglutaminase, wheat processing, and the pathogenesis of celiac disease, it helps to divide the topic into the external mechanisms of wheat processing in commercial plants and bakeries and the internal mechanisms at work in the intestinal lumen, the intestinal wall, and the human immune system.

Extracorporeal effects of microbial transglutaminase--processed wheat
---------------------------------------------------------------------

According to the websites of some major producers and suppliers of microbial transglutaminase to the wheat industry and bakeries, microbial transglutaminase can substantially improve dough elasticity, stability, volume, shelf life, and better fermentation tolerance in baked goods such as breads, pastas, pastries, and tortillas. Microbial transglutaminase is also an excellent element for gluten-free products. The intense advertising campaigns of industrial microbial transglutaminase producers, which are aimed at consumers of microbial transglutaminase, are cause for some concern.

Of the three reactions catalyzed by microbial transglutaminase, protein crosslinking by transamidation is the major one used by the food industry. In contrast, deamidation of glutamine residues by endogenous tissue transglutaminase, which results in the formation of glutamate, is a key step in the pathogenesis of celiac disease.[@nuv011-B19] A looming question is whether microbial transglutaminase can imitate tissue transglutaminase in deamidating gluten, thus increasing the immunogenicity of gluten-originating toxic peptides.

Skovbjerg et al.[@nuv011-B20] studied the deamidation and crosslinking of gliadin peptides by different transglutaminases. *Streptoverticillium* transglutaminase, which is used as a crosslinker in the food industry, was able to generate a deamidated epitope in a concentration-dependent manner. More recently, a Japanese group showed that microbial transglutaminase induced 72% deamidation when applied to wheat gluten.[@nuv011-B21] The authors found an upward shift of gluten bands on gel electrophoresis, an alteration in the secondary structure of the deamidated gluten, and deterioration of the aggregation ability of the gluten molecule. Microbial transglutaminase has a broader substrate specificity than tissue transglutaminase and deamidates both synthetic and natural gluten peptides.[@nuv011-B22] The subject of microbial transglutaminase deamidating gluten is, however, controversial, and in a recent study, treatment of pasta by microbial transglutaminase failed to increase deamidation levels.[@nuv011-B23]

It appears that both human and microbial transglutaminases are capable of deamidation/transamidation, depending on the substrate sequence, the affinity of the transglutaminase for the substrate, the reaction conditions, such as pH, the presence of primary amines, and the enzyme concentration.[@nuv011-B10]^,^[@nuv011-B11]^,^[@nuv011-B24] The ratio of deamidation to transamidation varies widely for the following reasons: 1) many studies have been performed on synthetic or isolated substrates in vitro, 2) the physical/rheological/nutrient composition conditions in vivo are much more complicated, and 3) both human and microbial transglutaminases are sensitive to unstable conditions. To date, there are no data on the ratio between tissue transglutaminase and microbial transglutaminase in the lumen or intestine of humans with respect to concentration, functionality, or gluten handling as regards deamidation/transamidation. In fact, transglutaminase activity in the human jejunum was demonstrated long ago, but only tissue transglutaminase was investigated.[@nuv011-B27]

Gliadin is a good substrate for endogenous and microbial transglutaminases, whose specific activities are 9800 counts/min/mg and 4290 counts/min/mg, respectively.[@nuv011-B28] Yong et al.[@nuv011-B21] suggested that gliadins are deamidated by microbial or food transglutaminases in the intestinal lumen. A disturbing possibility that transglutaminase in baked products may act upon gliadin proteins in dough to generate the epitope associated with celiac response has also been suggested.[@nuv011-B29]^,^[@nuv011-B30] The substrate specificity of microbial transglutaminase is lower than that of tissue transglutaminase,[@nuv011-B10]^,^[@nuv011-B11] which is advantageous for applications in the food industry but may be disadvantageous to those with celiac disease.[@nuv011-B31] Although the use of microbial transglutaminase provides benefits in the bakery industry, such as increased specific volume of dough, decreased crumb hardness and chewiness of bread, decreased extensibility and improved viscoelasticity of dough, and smaller and fewer air bubbles in treated dough,[@nuv011-B32] safety aspects relevant to the consumer have scarcely been studied.

The conclusion is that microbial transglutaminase is capable of gluten deamidation, the degree of which, in vivo, is variable, thus potentially inducing the formation of immunogenic gluten peptides and enhancing the genesis of celiac disease.

When suitable amino groups are available in the environment, microbial transglutaminase links an amino group to a newly obtained glutamic acid. The amino groups can be small molecules like histamine or cadaverine or ε-amines of lysine residues in many proteins (caseins, soybean globulins, gluten, actin, myosins, collagen, egg, fish, and meat proteins). This transamidation can crosslink two proteins, leading to a complex matrix of proteins bound together. Very recently, microbial transglutaminase was shown, for the first time, to display much broader acyl-acceptor substrate specificity. Very-short-chain alkyl-based amino acids such as glycine and the esterified α-amino acids Thr, Ser, Cys, and Trp can serve as acceptor substrates.[@nuv011-B35] With appropriate primary amines as spacers, various functional groups, carboxyl groups, phosphate groups, saccharides, and so on can be incorporated into protein (gluten can represent such a protein) by using microbial transglutaminase.[@nuv011-B36] In reality, industry has expanded the use of microbial transglutaminase to include crosslinking of proteins in agricultural wastes; production of protein lipidation; modification of hormones by polyethylene glycosylation; restoration of functionality of gluten from insect-damaged wheat; modification of rheological properties of proteins, including wheat; improvement of gelling properties of proteins; emulsification by crosslinking of heterogeneous products originating from the plant and animal kingdoms or the marine world; processing of wheat gluten toward biobased or bioplastic material; and many more applications.

The crosslinking of proteins and the capacity to link other nutrient or industrial additives by using microbial transglutaminase may present risk to gluten-sensitive populations. Crosslinking of different proteins is a major modifier of the physical and chemical properties, the secondary and tertiary structures, the antigenicity, and the epitopes of the linked complexes. New immunogenic gluten epitopes may result from the crosslinking by microbial transglutaminase. The newly discovered acyl-acceptor substrates exposed to the microbial transglutaminase open up wide-ranging possibilities for gluten crosslinkage to new industrial compounds with potential immunogenicity and the ability to alter the effects of gluten in the intestinal lumen.

Microbial transglutaminases and proteases have similar substrate preferences for hydrophobic amino acids in the peptide/protein sequence. In addition, glutamine residues targeted by microbial transglutaminases are located in regions characterized by enhanced flexibility, which are also favorable targets for proteases. Finally, microbial transglutaminase has the potential to modify surface proteins, making them more resistant to proteolytic digestion.[@nuv011-B37] On the basis of the above observations, it is possible that microbial transglutaminase could change the natural outcome of gluten digestion in the human intestine, rendering gluten more resistant to endogenous proteolysis.

Microbial transglutaminase may induce changes in the water content and the rheological properties of wheat or gluten during food processing in the factory or bakery. It may also affect whether similar changes occur in the intestinal lumen, thus affecting gluten digestion, absorption, or immunogenicity.

Industrial methodologies to improve gluten-free flour or bread using microbial transglutaminase, extruded flours, and protein isolates have been suggested.[@nuv011-B38]^,^[@nuv011-B39] The idea of adding microbial transglutaminase to the minute quantities of gluten already present in the various gluten-free diets, thus changing various properties of the peptides or promoting the formation of protein networks or new protein complexes, warrants further study prior to any applications in the food industry.

The effects of microbial transglutaminase on wheat dough proteins are cultivar dependent. The cultivar Cortazar was found to be the most susceptible to catalysis by microbial transglutaminase. The amounts of ω and α+β gliadins were increased and solubility reduced after treatment with microbial transglutaminase.[@nuv011-B40] Changes in the concentration and solubility of toxic peptides will affect their immunogenicity in patients with celiac disease.

The application of microbial transglutaminase in the food processing industry is expanding, resulting in the linkage of traditional gluten-containing foods (like pasta) with gluten-free products. There are numerous examples of heterologous polymers constructed through the use of microbial transglutaminase, but only one is cited here. Fresh yellow alkaline noodles (an oriental noodle) can be crosslinked by microbial transglutaminase to a soy protein isolate.[@nuv011-B41]^,^[@nuv011-B42] The combination of traditional gluten-free products with a gluten-containing one provides unlimited potential for confusing the gluten-sensitive consumer. For example, a celiac patient may consider a product labeled as containing soy to be safe for consumption but may overlook a second, gluten-containing moiety in the product. Improvements in food technology sometimes lead to greater confusion for consumer subpopulations.

Recently, microbial transglutaminase--induced crosslinking of various dietary proteins from casein, pork myofibrils, peanut, and fish was shown to improve the emulsifying properties of these proteins.[@nuv011-B43]^,^[@nuv011-B44] It is possible that gluten crosslinked to comparable proteins will have a similar effect on emulsifying properties, since hydrolyzed gluten, by itself, improves emulsification of protein regardless of treatment with microbial transglutaminase.[@nuv011-B45] A recent therapeutic enzymatic strategy to detoxify gluten involves the use of prolyl endopeptidase.[@nuv011-B1] Treatment of gluten with microbial transglutaminase has also been suggested,[@nuv011-B46] but the use of chymotrypsin to modify gluten was much more successful than treatment with microbial transglutaminase in decreasing the content of reactive gluten in bread.[@nuv011-B47]

Intracorporeal effects of microbial transglutaminase--processed wheat or gluten
-------------------------------------------------------------------------------

Many of potentially harmful effects of the generation of toxic gluten peptides by microbial transglutaminase treatment in food processing plants or commercial bakeries apply to the intestinal lumen. However, a number of risks associated with the industrial use of microbial transglutaminase are more specific to the intestinal compartment or to the entire human body, as described below.

### Immunogenicity of microbial transglutaminase--treated gluten peptides in patients with celiac disease

Microbial transglutaminase--modified gluten proteins were shown to react with immunoglobulin A (IgA) anti-gliadin antibodies in the sera of celiac patients.[@nuv011-B48] Microbial transglutaminase-treated cereal prolamines are preferentially recognized by IgA from celiac patients in an age-dependent manner.[@nuv011-B49] This could reflect a differential manifestation of the effects of such proteins on the intestinal barrier. Most recently, it was shown that microbial transglutaminase--treated gluten peptides applied to cultured intestinal biopsies from patients with celiac disease induced a 15-fold increase in interferon-γ release and 2.5-fold and 2.1-fold increases, respectively, in mean tissue transglutaminase antibody levels and endomysial antibody positivity.[@nuv011-B50] Treatment of wheat prolamines in bread by microbial transglutaminase has been shown to increase the serum IgA reactivity of celiac disease patients. More interestingly, antigen-specific IgA levels in pooled sera from celiac patients were higher against wheat from breads treated with microbial transglutaminase than against gluten-free breads not treated with microbial transglutaminase. The electrophoretic pattern of gluten-free prolamines was altered by microbial transglutaminase treatment.[@nuv011-B51] Further studies reinforce the immunoreactivity of wheat products treated with microbial transglutaminase.[@nuv011-B52]^,^[@nuv011-B53] These observations imply that microbial transglutaminase--treated breads or gluten-free breads induce immunogenic peptides that react with IgA. Celiac disease is mediated by IgA antibodies to wheat gliadins and tissue transglutaminase.

Microbial transglutaminase--deamidated gluten peptides are recognized by gluten-specific T cells, thus enhancing the immunogenicity of gluten.[@nuv011-B22] In Switzerland, commercially available meat and meat products were found to contain variable amounts of microbial transglutaminase, indicating that microbial transglutaminase used in the food industry finds its way onto the grocery shelf and is ingested by consumers, eventually affecting the intestinal lumen.[@nuv011-B54]

### Potential effects of microbial transglutaminase on intestinal permeability

Intestinal permeability is increased in celiac disease, allowing increased trafficking of macromolecules between the lumen and the host. The tight junction is a complex structure with a gatekeeper function and is under strict regulation. The abnormal function of the tight junction is a major step in celiac disease pathogenesis.[@nuv011-B55] The potential mechanisms by which microbial transglutaminase may aggravate this phenomenon are described below.

The crosslinking of tight junction proteins to luminal ones might cause increased intestinal permeability. Gluten, by itself, is a well-known inducer of intestinal permeability.[@nuv011-B55] There is some evidence that intestinal barrier defects have a role in initiating celiac disease.[@nuv011-B56] Since they are a good substrate of microbial transglutaminase, neo-gluten peptides may potentiate the effect of the uncrosslinked molecule. Microbial transglutaminase crosslinks numerous ingredients in the food industry, emulsifying them and potentially facilitating their passage through the tight junction. It is well known that emulsifiers increase tight junction leakage.[@nuv011-B59] If microbial transglutaminase imitates the protective and trophic functions of tissue transglutaminase and facilitates the survival of infectious agents in the lumen, the tight junction may become leaky, since infections have been shown to increase intestinal permeability.[@nuv011-B55] In fact, immunoglobulin G (IgG) and IgA antibodies against microbial transglutaminase and microbial transglutaminase complexed with gliadin were recently observed in celiac patients, but not in healthy individuals (unpublished observation of the authors).

Several biological aspects of transglutaminase function not yet investigated with ingested microbial transglutaminase might affect gluten-sensitive populations. First, tissue transglutaminase is involved in CD8^+^ T-cell transendothelial migration and infiltration of tissues during inflammation in humans.[@nuv011-B62] The increased number and functions of interepithelial CD8^+^ T cells in the intestinal epithelium of celiac patients are key factors in innate immune activation and mucosal damage in celiac disease. Second, core histone is crosslinked by tissue transglutaminase.[@nuv011-B63] The relationship between microbial transglutaminase and histone should be studied for several reasons. Celiac disease has a genetic background that involves dozens of susceptible genes. Moreover, it is environmentally driven, involving nutrigenic and epigenetic pathways. Finally, core histones are crucial for chromatin condensation and chromosomal expression.

Tissue transglutaminase crosslinks histamine to gluten peptides by transamidation.[@nuv011-B64] Celiac disease is a Th1 profile disease, and histamine is involved in Th2 responses. The crosslinking of histamine may drive the pathogenesis of celiac disease. If histamine is a microbial transglutaminase substrate, crosslinking to gluten peptides may polarize T cells toward a Th1 response, thus enhancing mucosal damage.

Bacterial toxins, such as phytomitogens, can perturb the cellular membrane and the effect is mediated via transglutaminase-mediated crosslinking of membrane proteins.[@nuv011-B65] Microbial transglutaminase may, potentially, imitate these damaging effects, and it was shown recently to crosslink enzymes to a surface.[@nuv011-B66] The question arises whether it can crosslink intestinal luminal or mucosal enzymes upon ingestion, thus affecting the intestinal functions or homeostasis. Recently, tissue transglutaminase was found to facilitate apical-basal transcytosis of gliadin peptides, involving binding to apical transferrin receptor and secretory IgA.[@nuv011-B67] If microbial transglutaminase can also facilitate this newly described pathway, it will induce celiac disease.

Tissue transglutaminase has been identified as the autoantigen in celiac disease and plays a key role in the pathogenesis of celiac disease.[@nuv011-B19] If ingested microbial transglutaminase has additive or potentiating effects with endogenous transglutaminase, morbidity and undesirable outcomes may be exacerbated.

Infections are often associated with, or can drive, autoimmunity. In celiac disease, several viruses and bacteria have been implicated. Transglutaminase is a crucial endogenous factor in maintaining, modulating, proliferating, and protecting many infectious agents associated with celiac disease. It is possible that microbial transglutaminase in the intestinal lumen affects the survival of infectious agents, thereby enhancing such infections.

Recently, two seminal reviews described multiple endogenous substrates for human transglutaminases, including cellular proteins residing in the cytosol, the cytoskeleton, or the organelles, extracellular-like matrix-associated proteins, signaling proteins and peptides, and many exogenous proteins used in the food industry and bakeries.[@nuv011-B68]^,^[@nuv011-B69] Since microbial transglutaminase is less substrate specific than human transglutaminase, all of these proteins are potential candidates for microbial transglutaminase crosslinking in patients affected by celiac disease.

A novel area of microbial transglutaminase application is the chemico-enzymatic crosslinking approach to yield better pharmacokinetic data and safer antibody-drug conjugates for therapeutic purposes.[@nuv011-B70] It is possible that drug delivery manipulated by microbial transglutaminase may affect the pathogenesis of celiac disease.

CONCLUSION
----------

It is hypothesized that industrial processing of food using the enzyme microbial transglutaminase to improve food product qualities has negative effects on the gluten-sensitive population. In food processing plants and commercial bakeries, the use of microbial transglutaminase creates new immunogenic gluten peptides that crosslink various macromolecules to gluten, thus establishing new celiacogenic epitopes that decrease luminal protease activities, resulting in diminished clearance of immunogenic peptides in patients with celiac disease.

In celiac patients, multiple gluten-related immunogenic pathways are dependent on microbial transglutaminase. Microbial transglutaminase is a potential inducer of tight junction permeability, and many characteristics of tissue transglutaminase, if imitated by microbial transglutaminase, may have devastating effects on the celiac population. It is hypothesized that the presence of microbial transglutaminase in bakery products before or after ingestion triggers the start of celiac disease. Instead of the accepted paradigm of the submucosal deamidation/transamidation of gluten by tissue transglutaminase, microbial transglutaminase initiates the process at an earlier stage, either in the food processing plant or bakery or within the intestinal lumen. Endogenously, intestinal T cells may taste untreated gluten and microbial transglutaminase--treated gluten in the same way, so that both types can drive celiac disease pathogenesis.[@nuv011-B71]

In addition to gluten, microbial transglutaminase might represent a novel environmental inducer of celiac disease.[@nuv011-B72] [Figure 1](#nuv011-F1){ref-type="fig"} supports an association between the increase in celiac disease incidence and the parallel increase in enzyme usage in commercially baked goods, with microbial transglutaminase being the main enzyme. [Figure 2](#nuv011-F2){ref-type="fig"} summarizes and schematically shows the main pathways associated with the industrial use of microbial transglutaminase and the gluten-induced intestinal damage that results in celiac disease. In fact, when compared with controls, patients with celiac disease mount specific serum antibodies against microbial transglutaminase, thus supporting this hypothesized association and possibly indicating a cause-and-effect relationship. Figure 2**Sequential steps of** microbial transglutaminase**--induced celiac disease**. *Abbreviations:* CD, celiac disease; mTG: microbial transglutaminase.

Until further studies provide additional information, it is recommended that any use of microbial transglutaminase in the commercial processing or baking of food be disclosed on the packaging label to ensure transparency for consumers, as is currently required in Switzerland by the regulatory authorities.[@nuv011-B77] Gluten-free products are known for their potential contamination. Use of microbial transglutaminase can further increase the risk for gluten-sensitive populations.
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